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We present a universal nanomechanical sensing platform for the investigation of magnetostriction in thin films. 
It is based on a doubly-clamped silicon nitride nanobeam resonator covered with a thin magnetostrictive 
film. Changing the magnetization direction within the film plane by an applied magnetic field generates 
a magnetostrictive stress and thus changes the resonance frequency of the nanobeam. A measurement of 
the resulting resonance frequency shift, e. g. by optical interferometry, allows to quantitatively determine 
the magnetostriction constants of the thin film. We use this method to determine the magnetostriction 
constants of a 10 nm thick polycrystalline cobalt film, showing very good agreement with literature values. 
The presented technique can be useful in particular for the precise measurement of magnetostriction in a 
variety of (conducting and insulating) thin films, which can be deposited by e. g. electron beam deposition, 
thermal evaporation or sputtering. 
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Nanomechanical systems are an established platform 
for mass and force detection. In particular, the high 
quality factors of their vibrational modes ^ make them 
ideally suited for high-precision sensing applications in 
(nano)biology, medicine, chemistry and physics^^®. For 
example, nanomechanical resonators allow for the detec¬ 
tion of DNA molecules^ and atoms®, and nanomechani¬ 
cal resonance spectroscopy has been proposed as a versa¬ 
tile tool and extension of conventional spectroscopy tech¬ 
niques in biology and chemistry®. In solid state physics, 
nanomechanical sensors are utilized for the investiga¬ 
tion of material properties of thin films^®^^®, which of¬ 
ten significantly differ from those of bulk materials^®’^^. 
One particular aspect is the investigation of externally 
tunable material properties as discussed in the field 
of multiferroics^®. For example, it has been demon¬ 
strated that magnetostriction and magnetic anisotropy 
in a Gao. 948 Mno.o 52 As thin film can precisely be investi¬ 
gated using a nanomechanical beam setup^®. 

Here, we extend this concept and present a univer¬ 
sal platform for the experimental investigation of mag¬ 
netostrictive thin films which uses a doubly-clamped sil¬ 
icon nitride (Si 3 N 4 ) nanobeam covered with a thin layer 
of the material of interest. This approach allows for the 
investigation of any magnetostrictive thin film material— 
conducting as well as insulating—which can be deposited 
on a Si 3 N 4 nanobeam, using e. g. electron beam evapo- 
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ration, thermal evaporation or sputtering. As the thin 
film deposition is the last step in the sample fabrication 
process, the ferromagnetic film is not exposed to etch¬ 
ing solution or dry etch reactants, which allows to apply 
this technique to a broad range of materials. Moreover, 
the measurement sensitivity is expected to be indepen¬ 
dent of the film thickness which could be useful for the 
investigation of very thin magnetostrictive films. 

We start the sample fabrication with a single¬ 
crystalline silicon wafer commercially coated with a 
200 nm thick thermal oxide and a tsiN = 90 nm thick 
LPCVD (low pressure chemical vapor deposition) high- 
stress Si 3 N 4 film. We use electron beam lithography, alu¬ 
minium evaporation and lift-off to create an etch mask 
for the I = 25 /xm long and 350 nm wide, doubly-clamped 
nanomechanical beam. With a reactive ion etching step, 
we pattern transfer the structure to the silicon nitride 
layer. We subsequently remove the aluminium mask and 
release the nanobeam with buffered hydrofluoric acid. Fi¬ 
nally, we deposit = 10 nm of cobalt on the chip using 
electron beam evaporation. Figure la shows a schematic 
of the Si 3 N 4 /Co bilayer nanobeam. 

To spectroscopically investigate the sample, we use the 
fiber interferometer (laser wavelength: 673 nm) sketched 
in Fig. lb (see also Ref. 17) operating at room tempera¬ 
ture and in vacuum {p < 10“^ mbar) to avoid air damp¬ 
ing. An electromagnet provides a homogeneous magnetic 
held at the sample position. In this setup, any beam dis¬ 
placement is translated linearly into a change in the de¬ 
tected photovoltage, which allows to investigate the me¬ 
chanical motion of the nanobeam^®. Using a piezoelectric 
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Figure 1. (a) Schematic of the doubly-clamped Si 3 N 4 

nanobeam (green) covered with a thin cobalt film (orange), 
(b) Fiber interferometer used to characterize the sample in 
vacuum, (c) Coordinate system with the nanobeam along the 
i-axis. The external magnetic field and the magnetization in 
the cobalt him are oriented in the x-y-pla,ne with an angle $ 
resp. (p to the x-axis. A free-standing cobalt Him (circularly 
shaped for illustration purposes) is deformed by magnetostric¬ 
tion along and perpendicular to the magnetization axis. 


actuator we can resonantly drive the flexnral out-of-plane 
motion of the beam. Employing signal vector analysis we 
study the mechanical response of the beam as fnnction 
of the applied actnator drive frequency. Additionally, 
to control the magnetization direction of the nanobeam, 
we nse the static magnetic field provided by the electro¬ 
magnet, which we are able to rotate in the sample plane 
(i. e. the a:-y-plane). The azimuthal angle $ is defined 
between the external field direction and the main beam 
axis (see Fig. la, c). 

We next present a model predicting the add-on stress 
on the magnetic layer cansed by the magnetostrictive ef¬ 
fect. For this, we start with a free-standing polycrys¬ 
talline magnetic film in an external magnetic field. We 
further assume the external field to be snfficiently large to 
fully magnetize the ferromagnet (i. e. align all magnetic 
moments). Due to magnetostriction, the magnetic film is 
mechanically deformed along (perpendicnlar to) the mag¬ 
netization direction M/Mg as sketched in Fig. Ic. The 
relative contraction/elongation for the directions along 
and perpendicnlar to the magnetization orientation is 
given by the magnetostrictive constants Ay = AL/L and 
Ax = AW/W, respectively. For cobalt (as well as iron 
or nickel). Ay < 0 and Ax > 0. In the coordinate system 
introduced in Fig. 1, the resnlting strain vector reads^® 
(see Supporting Information I) 

/exx\ /Aycos®(( 5 ())-b Axsin®((/)) 

Cmag = £ 1 / 2 / = Ay sin®((/)) -b Ax cos^icp) 

\£zz/ \ Ax 



Here, (p denotes the angle between the nanobeam axis 
and the magnetization orientation in the ferromagnetic 
film, as defined in Fig. Ic. 

In case of a thin magnetic film deposited on a snb- 
strate, the shared interface imposes a boundary condition 
on the magnetic film. Thns, instead of strain, a magne¬ 
tostrictive stress cTfnag = — C • e^iag arises in the film (see 
Supporting Information I), where C is the stiffness tensor 
of the magnetic material. For a polycrystalline material, 
as stndied here, C can be expressed in terms of Young’s 
modnlns E and shear modnlns /i (see, e.g.. Refs. 20,21). 
The stress cTmag in the magnetic film is then given by (see 
Supporting Information I) 


/FAy COS®(()))\ 
cTmag = - FAy sin®(())) , 

V 0 J 

where the magnetostriction constants are related by 
Ax = Eis volume magnetostriction can be neglected 

in first order^®. Here, ly denotes the Poisson ratio of the 
magnetostrictive material, ly = E/{2iJ.) — 1 (see Ref. 22). 

To obtain the effective stress present in the donble- 
layer beam, we take into account the stress present in 
the silicon nitride, (Tsinj as well as in the magnetic thin 
film, crg°)^. For a donble-layer system, the effective stress 
along the beam direction is given by^^’®"^ 

O'SiNisiN + 

- • 

^SiN T ^film 

Note that the total stress in the magnetic layer contains 
stresses from the fabrication process as well as the mag¬ 
netostrictive stress, -b cr„,„g. 

For a highly tensile-stressed nanobeam, the resonance 
freqnency of the fundamental flexnral mode is well ap¬ 
proximated by Wres/27r = lj{2l)^/a~/~p, where cr and 
p denote pre-stress and density of the nanobeam (see 
e.g. Ref. 25). Using effective valnes for stress and den¬ 
sity of the donble-layer beam®®’®^, we obtain 


cures {4>) _ 1 /(Teff _ 1 / CrQ - CTl COs'^ {(p) 

27r 21 y peff 2Z y peff 

where we have defined (Tq = (csiN^SiN + 

T tfilni) and (J4 — FfginiAy /(tsiN T tfilni) ■ 

For cti/cto ^ 1, we can Taylor-expand Eq. (1) and 
obtain for the relative resonance frequency shift 

AcUresicp) CUresicp) Wres,0 £’’1 2 / i\ /n\ 

- — - — —7^-COS (0j 

^res,0 ^res,0 2(Jo 

with Wres,o/27r = 1 / (21) ao/Peg the resonance frequency 
at (p = 90°. 

We thns expect a cos® (0)-dependence of the resonance 
freqnency as a fnnction of the magnetization direction. 
By measnring the tuning amplitnde ai/2ao of the res¬ 
onance freqnency, we can deduce the magnetostriction 
constants Ay and Ax- 
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Figure 2. Measured photovoltage spectra for an external mag¬ 
netic field of = 200 mT applied in different directions 
$ = -4°, 41°, 86°, 176°. 


To experimentally investigate such a magnetostrictive 
tuning of a nanomechanical beam, we measure the reso¬ 
nance frequency of the beam in an external magnetic field 
of constant magnitude = 200 mT, which is above the 

coercive field and the in-plane anisotropy fields of the Co 
film. In this regime, the magnetization is, in a good 
approximation, aligned along the external field direction 
{(j) = <!>). We rotate the external field between $ = —35° 
and 200°, where <!> = 0° corresponds to /roH || x (see 
Fig. Ic). 

Figure 2 shows the measured homodyne photovoltage 
as a function of the drive frequency for four different ex¬ 
ternal field directions = —4°, 41°, 86°, 176°. We ob¬ 
serve a clear resonance peak corresponding to the funda¬ 
mental vibrational out-of-plane mode of the nanobeam, 
whose frequency shifts as a function of the magnetic field 
orientation. The magnetostrictive frequency shift sig¬ 
nificantly exceeds the linewidth of the resonance peaks, 
which is rni/27r « 300 Hz. In addition to the resonance 
frequency shift, we observe a variation of the resonance 
peak amplitude when rotating the external magnetic field 
vector, as one can see in Fig. 2. We attribute this to a 
slight translational shift of the sample position in high 
magnetic fields. In this case the laser spot is not cen¬ 
tered on the nanobeam any more, which decreases the 
detected photovoltage amplitude. 

To analyze the observed field orientation dependence 
in more detail, we measure the amplitude spectrum of the 
nanobeam as a function of $, as shown in Fig. 3a. The 
experimental data confirm the expected 180°-periodicity 
of the resonance frequency a;res(‘h)- From these data 
we extract the maximum resonance frequency shift 
^^res,max ■— ^res(0 ) ^res(9d ) — ^ 8.00 kHz (sCC 

Fig. 3b). We observe slight deviations between the mea¬ 
sured a;res(‘h) and the expected cos^(4)) behaviour, espe¬ 
cially around 4) = 45° and 135°. This is quantitatively 
understood as the magnetization for these angles $ is 
not perfectly aligned in parallel with the applied mag¬ 
netic field due to the shape anisotropy of the nanobeam 
(for details see Supporting Information II). 

To determine the magnetostriction constants Ay and 
Ax from the experimental data, we first calculate the 


10.240 


s 10.235 

(N 


10.230 




Figure 3. Resonance frequency of the fundamental flexural 
mode as a function of the external magnetic field orientation 
il? for ^oH = 200 mT. (a) shows the measured photovoltage 
F as a function of drive frequency and external field direction. 
In (b), the fitted resonance frequency tJres(4>) is compared to 
the expected cos^(4>) behaviour. 


static prestress co in th® nanobeam. With a;res(^^' = 
90°)/27r = l/(2Z)A/tTo//Oeff we get (Tq = 892 MPa. Here 
we have used the effective density p^s = 3410 kgm“^, 
which we determine from psjN = 2800 kgm“^ (see Ref. 1) 
and pco = 8900 kgm“^ (see Ref. 26) using p^s = 
(psiN^SiN + PCoifiim)/(isiN + ifilm) (see Ref. 23). With 
Eq. (2), the Young’s modulus of cobalt E = 175 GPa 
(see Ref. 27) and the relation Ax = the observed 

maximum resonance frequency shift of Awres.max = 27r x 
8.00 kHz corresponds to a magnetostriction constant of 
A|| = -79.7 X 10-6 (Ax = 27.9 x lO"®). 

For comparison with literature, we calculate the mag¬ 
netostriction constants Ay and Ax in polycrystalline mag¬ 
netically saturated cobalt from the crystal magnetostric¬ 
tion constants Aa,b,c,d as described in Ref. 28, for which 
we obtain Ay = —78.4 x lO”® and Ax = 27.5 x lO”®. 
This is in very good agreement with the experimentally 
determined values. Thus we conclude that the proposed 
method conforms with standard magnetostriction mea¬ 
surement techniques, which e.g. use the bending of a 
cantilever covered with a thin magnetostrictive film^6-62^ 
and is therefore suitable to quantitatively determine the 
magnetostriction constants of thin films. In contrast 
to cantilever-based experiments, where magnetostriction 
causes a bending of the mechanical element, the present 
approach uses a pre-stressed, doubly-clamped nanobeam 
where the magnetostrictive stress modifies the total stress 
along the beam axis and therefore changes the resonance 
frequency of the beam. This stress-to-frequency conver¬ 
sion allows for an effective determination of the magne¬ 
tostriction constants via a frequency measurement, which 
does not rely on a quantitative measurement of the beam 
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displacement (as it is the case for cantilever-based tech¬ 
niques). The high quality factor of pre-stressed Si 3 N 4 
nanobeam resonators^ therefore allows to precisely in¬ 
vestigate magnetostriction in thin films. 

Although the presented method only allows to experi¬ 
mentally access one stress direction (i.e. the stress com¬ 
ponent along the beam direction), it can be particularly 
useful for the investigation of very thin (or nanopat- 
terned) magnetostrictive films with a high precision. The 
reason is that, as we will show in the following, the ex¬ 
perimental uncertainty of the calculated magnetostric¬ 
tion constants does not necessarily increase for decreas¬ 
ing film thickness as it is the case for cantilever-based 
measurement techniques. 

To illustrate this, we first calculate the stress-frequency 
gauge factor, i. e. the change of the resonance frequency 
of the beam as a function of the stress variation. For the 
presented sample this is 


_ ^reSjOffilm 

^mag,x 2(Jo(tsiN T ffilm) 


27r X 0.57Hz/kPa. 


Assuming a frequency measurement precision of 
Jwres ~ rm/2 (with the linewidth of the resonance T^), 
this allows to resolve a stress variation of (5cri„ag,a: = 
0.52 MPa. This corresponds to an experimental un¬ 
certainty in the parallel magnetostriction constant of 
(5A|| = 5aras,g,xlE = 3.0 x 10“®. Using a phase-locked 
loop (PPL) to track the resonance frequency of the beam, 
however, would increase the frequency resolution signifi¬ 
cantly, allowing an uncertainty ^Ay well below 10“®. This 
is comparable to other methods^®’^®’^*^’^^ even though 
the thickness of our magnetostrictive film is only 10 nm. 
In particular, reducing the film thickness further does 
not necessarily reduce the measurement precision. This 
is due to the fact that the quality factor of a doubly- 
clamped Si 3 N 4 beam covered with a thin film typically 
strongly depends on the film thickness. For Si 3 N 4 /Au 
nanobeams, it has been shown recently that the inverse 
quality factor is proportional to the film thickness for 
Au layers between 10 nm and 100 nm as the damping 
in a highly prestressed silicon nitride film is much lower 
than in the Au film^^. Therefore, for very thin magne¬ 
tostrictive films on a highly prestressed Si 3 N 4 beam, the 
resonance frequency measurement uncertainty is propor¬ 
tional to the film thickness, Jwres oc tfiim. The uncer¬ 
tainty JA|| OC S(T]jiEig,x — 2<5Wresf^o(ffilm T tsiN)/(^res,0^film) 
is therefore in first approximation independent of the film 
thickness (assuming tgim tsiN)- This characteristic 
makes the proposed technique an ideal platform for the 
investigation of magnetostriction in thin and ultrathin 
films. 

In this letter, we have proposed a new method to quan¬ 
titatively investigate magnetostriction in thin films. To 
this end we use a Si 3 N 4 nanomechanical resonator cov¬ 
ered with a thin magnetostrictive film. By measuring 
the resonance frequency of the fundamental vibrational 
mode of the beam as a function of an external magnetic 
field we can deduce the magnetostrictive stress along the 


beam direction and hence the magnetostriction constants 
A|| and Aj.. Compared to previously reported methods, 
the proposed technique does not rely on a quantitative 
measurement of the mechanical displacement, but uti¬ 
lizes a resonance frequency shift caused by magnetostric¬ 
tion. Besides, it offers a measurement precision which is 
independent of the film thickness. This enables the in¬ 
vestigation of ultrathin magnetostrictive films and paves 
the way to study magnetostriction as a function of the 
film thickness. The proposed technique can be applied to 
any conducting or insulating material which can be de¬ 
posited on a Si 3 N 4 nanobeam via electron beam evapora¬ 
tion, thermal evaporation, sputtering etc. The material 
under investigation does not have to be etch-resistent as 
it is deposited on the nano-resonator as last step of the 
sample fabrication process. 

The authors thank Dr. S. Gepraegs for fruitful dis¬ 
cussions and gratefully acknowledge financial support by 
the Deutsche Forschungsgemeinschaft via Project No. Ko 
416/18 and SpinCAT G0944/4. 
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Supporting Information: A universal platform for magnetostriction measurements in 

thin films 


A. DERIVATION OF THE MAGNETOSTRICTIVE STRESS o-^ag 

In this section, we derive the magnetostrictive stress vector cr^^g. We start with the magnetostrictive deformation 
of a polycristalline free-standing ferromagnetic (FM) film with cylindrical shape and transform the corresponding 
strain tensor to the ccyz-coordinate system (where the cc-axis is parallel to the nanobeam). Then we use this result to 
calculate the magnetostrictive stress in a FM thin film on a substrate. 


y 



Figure S4. Definition of the x'y'z' coordinate system which is rotated by (j> with respect to the xyz coordinate system, with 
z' II 2 . The magnetization is along the a;'-axis, while the nanobeam is parallel to the a;-axis. Aligning the magnetization in 
a free-standing magnetostrictive thin film (for illustration purposes we have chosen a cylindrically shaped film here) causes a 
strain A|| (Ay) along the x' {y' and z') axis. 


First, we consider a free-standing FM thin film, which is centered around the origin of the ccyz-coordinate system 
(the lab system), as illustrated in Fig. S4 (dashed circle). When magnetizing the FM, the film is contracted (elongated) 
along (perpendicular to) the magnetization direction. The relative contraction/elongation ey y is given by®^ 


®ll 



and €± 


AW ^ 


We define a second coordinate system x'y'z', which is rotated relative to the xy 2 -system by an angle of (j) around 
the 2 -axis. Here, (j) is the angle between the nanobeam axis and the magnetization direction as shown in Fig. S4. 
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The x'y'z'-coordinate system represents the natural system for the magnetostriction. In this frame of reference, the 
magnetization M is along the x'-axis and the magnetostrictive strain tensor is given by 

All 0 0 
^mag = I 0 Aj^ 0 

\0 0 A_l 



Using the rotation tensor R, which maps the a;j/z-coordinate system to the x'yU'-coordinate system, 


R = 



we get the components of the strain tensor in the a;j/z-coordinate system of the nanobeam: 

( A|| cos^ (/) + A_l sin^ (/) (Aj_ — Ay) cos(/)sin^ 0\ 

(A_l — A||) cos0sin^ Aj_ cos^ 0 + Ay sin^ (/) 0 

0 0 aJ 

In case of a thin FM film on a substrate (or on top of a Si 3 N 4 nanobeam, as in our case), the geometric dimensions 
of the FM are fixed in x- and y-direction, which means the effective strain along these axes vanishes. We describe 
this with an additional strain eboundary so that the net strain 


^net — ^mag T ^boundary 


vanishes along the x- and y-direction: 


^net.a: — ^net,y — 0- 

In a more intuitive picture, magnetostriction changes the equilibrium dimensions of the film. Along the magnetization 
direction, e.g., the equilibrium length of the film is reduced (Ay < 0). However, the boundary conditions require an 
unchanged length, which results in a tensile stress in the FM film along the x-axis. Analogously, magnetostriction 
creates a compressive stress in the FM along the j/-direction. Perpendicular to the film plane, the FM is free to 
expand. 

Thus, the strain applied by the boundary conditions creates the stress 


'mag 


= Ce 


boundary 


(SI) 


with the elasticity tensor C (see Ref. S2). 

In Voigt notation (see e.g. Ref. S2), eboundary is written as 


^boundary — 


and the elasticity tensor C is given by 


( ^boundary,aia: ^ 


/ A|| cos^ 0 + A_l sin"^ (f) \ 

^boundary,yy 


A_l cos^ (j) + Ay sin^ (p 

^boundary ,22 


eboundary, 2 ; 2 ; 

2€boundary,y2 


0 

2Cboundary,ai2 


0 

V26boundary,a:y/ 


\2(Aj_ — Ay) cos(()sin(5i/ 

2/X A 


A 0 0 0\ 

1 A A “h 2/i 

A 0 0 0 


(S2) 


C = 


V 


A A A + 2^000 

0 0 0 /X 0 0 

0 0 0 0 /X 0 

0 0 0 0 0 /x/ 


(S3) 


with the shear modulus /x, the Lame constant A = (2/x^ — if/i)/(if — 3/x) and Young’s modulus E (see Refs. S2,S3). 


As the FM film can expand freely in z-direction, the stress component a, 


mag,22 


has to vanish. This results in 


^boundary,22 


= All 


1-^ 

2 /x 
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where we have used Ay = —i^Aj_ (see main text) and /r = E/{2{1 + v)) (see Ref. S2). 
With this, Eqs. (S1-S3) lead to 


^inag,a:a: — (^) 


and 


^mag,i/y 


—ifA|| sin^ (())). 


B. IMPACT OF IMPERFECT MAGNETIZATION ALIGNMENT ON THE RESONANCE FREQUENCY SHIFT 

As mentioned in the main text, the measured ^-dependence of the nanobeam resonance frequency shows slight 
deviations from the expected cos^($) behaviour. To study this in more detail, we repeat the measurements discussed 
in the main article for lower magnetic fields. Whereas for — 200 mT the magnetization M is roughly aligned 
along /ioH, this is not the case for smaller external fields where the magnetic anisotropy becomes an issue. 
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Figure S5. (a-c) Total free energy density as a function of external magnetic field orientation <1? and magnetization direction 0 
for = 200mT (a), 100mT (b) and 25 mT (c). The green lines indicate the energy density minima. The colorbar has been 
rescaled individually for each graph, (d) Resonance frequency versus external field orientation $ for various field strengths 
= 200,100, 25 mT. The symbols represent the experimental data, the modelled resonance frequency Is plotted as solid 

lines. 


To model this, we start with a Stoner-Wolfarth approach and assume a saturated magnetization state |M| = Mg 
(see e.g. Ref. SI). To determine the equilibrium direction of the magnetization as a function of the external field, 
we write down the free energy density Ttot, which is the sum of Zeeman energy density and shape anisotropy. The 
first is given by Fzeeman = • H (see Ref. SI), the latter is F^^iso = (mo/2)M • N • M, where N denotes the 

demagnetization tensor®'^. We approximate the cobalt thin film on the Si 3 N 4 nanobeam as an ellipsoid with axis 
lengths I, w (width of the nanobeam) and tfiim- The demagnetization tensor is then diagonal with the components 
Nxx — 0, Nyy = 0.03 and N^z = 0.97 (see Ref. S5). Note that we here neglect crystalline anisotropy contributions to 
Ftot, assuming that they average out in a polycrystalline film®®. The contribution of magnetoelastic energy to Ftot is 
about two orders of magnitude smaller than the contribution of shape anisotropy and can therefore be neglected. 

For the present experimental geometry, external magnetic field and magnetization are in the cc-y-plane (see Fig. S4). 
Thus, the total free energy density is given by 


Ftot = cos(4> -(!)) + 


/ioM^ 


N., 


Sin' 




2 


(S4) 











In Fig. S5a-c, the total free energy density is plotted as a function of the external magnetic field orientation and the 
magnetization direction for the parameter values Mg = 1167 kA/m (measured by SQUID magnetometry for a similar 
Co thin film), Nyy = 0.03 and = 200mT, 100mT and 25mT. The minima, which determine the equilibrium 
magnetization direction, are highlighted by green lines. If the external field significantly exceeds the demagnetization 
field /io77demag = fJ^oMsNyy « 22 mT, the magnetization is approximately parallel to the external field, i.e. ^ « $. 
Even for (j-qH = 200 mT, however, there are slight deviations between the calculated energy density minima and the 
ideal case $ = (/) (indicated with the dashed blue line in Fig. S5a). For small external fields ^qH < /io-^^demag) the 
shape anisotropy of the thin cobalt stripe forces the magnetization direction towards the x-axis, as Fig. S5c points 
out. 

In Fig. S5d, the measured resonance frequency is plotted as a function of the external field orientation $ for the 
field strengths hqH = 200mT,100mT and 25 mT. The solid lines show the modelled resonance frequency behaviour, 
based on Eq. (2) (main text) and the calculated equilibrium magnetization orientation In particular for iioH = 

200 mT, we observe excellent agreement between the experimental data and the model. For small magnetic fields, 
e.g. iiqH = 25 mT, our simple model explains the resonance frequency shift at least qualitatively, reproducing the 
switching of the magnetization at $ = 110° and the measured maximum frequency shift. 
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